ABSTRACT: Scoliosis deformity has been linked with deleterious changes in the thoracic cavity that affect pulmonary function. The causal relationship between spinal deformity and pulmonary function has yet to be fully defined. It has been hypothesized that deformity correction improves pulmonary function by restoring both respiratory muscle efficiency and increasing the space available to the lungs. This research aims to correlate pulmonary function and thoracic volume before and after scoliosis correction. Retrospective correlational analysis between thoracic volume modeling from plain x-rays and pulmonary function tests was conducted. Adolescent idiopathic scoliosis patients enrolled in a multicenter database were sorted by pre-operative Total Lung Capacities (TLC) % predicted values from their Pulmonary Function Tests (PFT). Ten patients with the best and ten patients with the worst TLC values were included. Modeled thoracic volume and TLC values were compared before and 2 years after surgery. Scoliosis correction resulted in an increase in the thoracic volume for patients with the worst initial TLCs (11.7%) and those with the best initial TLCs (12.5%). The adolescents with the most severe pulmonary restriction prior to surgery strongly correlated with post-operative change in total lung capacity and thoracic volume (r 2 ¼ 0.839; p < 0.001). The mean increase in thoracic volume in this group was 373.1 cm 3 (11.7%) which correlated with a 21.2% improvement in TLC. Scoliosis correction in adolescents was found to increase thoracic volume and is strongly correlated with improved TLC in cases with severe restrictive pulmonary function, but no correlation was found in cases with normal pulmonary function. ß
Adolescent idiopathic scoliosis (AIS) is diagnosed with a prevalence of approximately 3% in U.S. children between the ages of 10 and 16 years. 1 With increasing curve magnitude, prevalence decreases and a disparity emerges where females are affected with a significantly greater frequency than males. 1 Scoliosis may be classified by its etiology as congenital, idiopathic (both adolescent and adult), or neuromuscular [2] [3] [4] with adolescent idiopathic scoliosis being the most common. A comprehensive review of the natural history of AIS was compiled by Weinstein. 1 Much comorbidity accompanies scoliosis such as pain, mental health, and physical inabilities which lead to poor quality of life measures in these patients. 2, 5, 6 A common medical complaint from AIS patients is a lack of cardiovascular ability or exercise capacity 7 due to the progression of restrictive lung disease and respiratory insufficiency. 2, 8, 9 Pulmonary function is modulated based upon space available to the lungs, diaphragm, and intercostal muscle function, intrinsic lung health, and airway resistance. Scoliosis may affect the thoracic volume or space available to the lungs, the diaphragm function, and airway resistance. Specifically, scoliosis has been shown to restrict the capacity to breathe by limiting the total lung capacity (TLC) 10 and confining lung growth 8, 11 leading to decreased oxygen saturation. 12 Collapse of the rib cage in scoliosis decreases the space available to the lungs while also progressing with the development of pulmonary compromise of restrictive lung disease. 2, 5 Scoliosis has been shown to negatively affect vital capacity, forced vital capacity (FVC), and forced expiratory volume in 1 s (FEV1). 6, 12 In those with the most severe deformities, greater reductions in function are seen due to the thoracic cavity's inability to completely empty the lungs. 12 Progression in some scoliosis patients results in atelectasis 13 from the resulting loss of tidal volume and dead space in the lungs increasing the arterial PCO 2 .
14 Thus, deformities of the thoracic spine have been shown to have the detrimental effects on pulmonary function. 2, 10 Corrective surgery is used primarily to prevent further progression of the deformity, and secondarily to increase the space available for lung expansion. Indications for scoliosis correction surgery are generally based on severity of curve magnitude and risk of curve progression. Unfortunately, these have been recently found to correlate poorly with pulmonary function both pre-and post-operatively. 15 Newton et al. have also shown that clinically significant pulmonary impairment can be out of proportion with the severity of Cobb angle. 16 The poor correlation between Cobb angle and function could be attributed to the difficulty in accounting for curvature of the spine due to vertebral rotation. 14 Surgical correction has been found to successfully correct scoliosis deformity; however, its direct link with pulmonary function improvements is cause for debate. [17] [18] [19] Furthermore, it is difficult to determine optimal surgical correction due to confounding factors which are not accounted for by pulmonary function tests, such as fibrosis, asthma, and patient cooperation. 11 Adjustable expansion thoracoplasty surgeries are often performed in order to avoid this problem, but study populations are as yet too small to identify success rates. 6, 13 There is also a lack of long-term follow-up data regarding pulmonary function to make comparative assessments. 6 Therefore, this study examined a cohort of patients undergoing spinal correction surgery and measured the relationship between thoracic volume and pulmonary function both pre-operatively and 2 years postoperatively. We aimed to test the hypothesis that pulmonary function improvement is directly related to increased thoracic volume in patients undergoing a scoliosis reconstruction surgery. By choosing those with the best and the worst pulmonary function, we can examine the effects at the extremes.
METHODS

Model Development and Validation
Healthy patient computed tomography (CT) scans were uploaded into a validated image processing software (Mimics 1 v. 14.2 2011, Materialise
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, 3000 Leuven, Belgium) that calculated the surface 3D thoracic model from the CT stacked image data through image segmentation (Fig. 1A-C) . The models and radiographic images of scoliosis patients were then imported into a powerful open source 3D animation software (Blender 2.52, blender.org) (Fig. 2A) . The original healthy model (Fig. 2B ) was then deformed to match patient radiographs with skeletal deformities. Vertebral segments were matched first ( Fig. 2C and D) followed by the ribs (Fig. 2E ). The final model was checked against the original radiograph using the projected shadow from the model ( Fig. 2F and G) .
Thoracic Volume Calculation
The deformed thorax was calibrated to its correct size based on the radiographic parameters. Using built in functions and algorithms of the animation software, a 3D spherical mesh with a known volume was inserted within the thoracic cavity model then shrinkwrap modifier was applied using the mediastinal space (space available for lungs to expand) as the inner boundaries ( Fig. 2H and I ). The transformed mesh was exported back to the imaging software (Mimics) and volume was automatically calculated using its built-in algorithm.
Validation
Validation of this thoracic volume modeling method was performed by comparing the computed volume thoracic model outputs to the volumetric modeling from the gold standard thoracic CT scans of three patients with scoliosis and three patients with pectus deformity using the validated image processing software (Mimics). Percent error was computed as the total thoracic volume from the gold standard thoracic CT scans minus the computed thoracic volume divided by the total thoracic volume from CT then multiplied by 100.
Retrospective Cohort A retrospective case cohort correlational analysis of PFT data and modeling reconstructions of thoracic volumes was performed. Twenty patients with AIS were identified based upon a sorting of the Prospective Pediatric Scoliosis Study (PPSS) database to distinguish those 10 patients with the best TLC percent predicted values and those with the worst PFT results (Fig. 3 ). The basis of this selection was to identify groups wherein modeling and measuring the thoracic volume of patients with AIS might be associated with measurable changes in pulmonary function outcomes. All patients underwent corrective instrumented fusion using pedicle screw contructs. This IRB-approved study included a sample with a mean age of 14.7 years (range 12-18 years) and sex distribution of 3 males and 17 females.
Pre-operative and 2 years post-operative sagittal and coronal plane film images for twenty patients were obtained. The radiographic images were analyzed and calibrated using imaging processing software (ImageJ). Once dimensionalized, the images were modeled to determine the actual volumes of each thorax in a blinded fashion. In the coronal image, the full thoracic area was measured by creating a closed loop from T1 following the perimeter of the lateral portion of the lung, across the perimeter of the base of the lungs, up the lateral perimeter of the other lung. Right and left lung areas were measured in a similar fashion, creating a loop along the perimeter of each lung. The height of each lung was measured from the superior apex of the lung to the inferior apex of the lung. In each reconstruction, the thoracic volume was computed in cubic centimeters. A similar method was used to measure the heights and areas of the lungs from the sagittal image. The lateral area of the lung was found by creating a closed loop along the lung's perimeter, starting from the top of the lung area. The medial area was found in a similar fashion but only using the area anterior to the spine. The lateral height was found by measuring from the superior apex of the lung to the diaphragm. Thus, the thoracic volume measured was the volume of the lungs and the mediastinum together.
Spirometry was obtained at different locations with all efforts complying with the American Thoracic Society (ATS) criteria for validity. Total lung capacity (TLC) was measured as the volume in liters within the lungs at maximal inflation. Predicted values were calculated using National Health and Nutrition Examination Survey (NHANES) data and equations. The patient's arm width was used as a substitute for height.
The thoracic volume data and PFT data for every adolescent was measured both pre-and post-operatively. The surgical change in thoracic volume and PFT percent predicted values were averaged for the best PFT group and the worst PFT group. Paired Student's t-tests were performed to identify if differences existed between the pre-and postoperative values. Finally, the changes in thoracic volume and PFT values were regressed and a statistical F-test performed to identify if a relationship existed.
RESULTS
Validation
The volumes measured for the scoliosis and pectus cases had a mean difference of 172 cm 3 between CT thoracic volume and computational thoracic volume model from chest radiographs which translated to a mean error of 4.0% (Table 1) .
Retrospective Cohort
The 10 patients with worst pre-operative PFTs (Group 1) had TLCs of 3.0 L and 55.5% predicted volume, while those with best PFTs (Group 2) had TLCs of 3.9L and 110.4% predicted volume. The average age was 14.3 and 15.4 years, respectively. The mean main thoracic curves (measured using Cobb method) pre-operatively were 68.5˚and 35.2ẘ
hile mean sagittal curves (T2-T12) pre-operatively were 15.8˚and 34.2˚, respectively. The mean difference between the two groups was statistically significant (p < 0.001) using t-test. The mean main thoracic curves at 2 years post-operatively were 26.7˚and 11.2˚, while mean sagittal curves were 26.1˚and 30˚, THORACIC VOLUME CORRELATED WITH PFT respectively. The mean angular difference between the two groups at 2 years follow-up did not meet statistical significance (p ¼ 0.47). There was a strong correlation between the changed in Cobb angle correction and sagittal curve correction with thoracic volume modeled (Pearsons correlation coefficient of r ¼ 0.80) ( (Fig. 4) .
Patients with the lowest PFT values had an average pre-operative thoracic volume of 3,194 AE 1,358 cm 3 and average post-operative thoracic volume of 3,466 AE 1,362 cm 3 . The mean change in volume for these patients was 373 cm 3 or 11.7% and the difference between pre-and post-surgical volumes exhibited a trend (p ¼ 0.065). Patients with the best PFT scores had an average pre-operative thoracic volume of 3,427 AE 874cm 3 and a post-operative average volume of 3,856 AE 852cm 3 . These surgical changes were significant (p ¼ 0.033), demonstrating an increase in thoracic volume of 429 cm 3 or 12.5% (Fig. 5 ).
The adolescents with the most severe pulmonary compromise prior to surgery exhibited a strong positive relationship between post-operative change in TLC and thoracic volume (r 2 ¼ 0.839; p < 0.001) (Fig. 5 ). In patients with the highest initial PFT values, correlations between pre-and post-operative changes in FEV1 and FVC with pre-and post-operative changes in thoracic volume were not observed.
DISCUSSION
The test of our central hypothesis revealed that for those with compromised pulmonary function, improvement in PFTs was directly related to increased thoracic volume after AIS surgery (Fig. 6) . The null hypothesis was rejected which stated that no relationship or a negative relationship existed between change in PFT values and thoracic volume. Both the highest and lowest PFT values pre-operatively exhibited significant increases in the space available to the lungs (approximately 14%) despite only the lowest initial PFT group demonstrating significantly improved PFTs post-operatively. THORACIC VOLUME CORRELATED WITH PFT Those AIS patients with the highest PFT values initially did not demonstrate improvement possibly due to a ceiling effect, functional adaptation, or the model is detecting a change in total thoracic but not lung volume. Before surgery, the group with the highest PFT scores had values near or over 110% of the predicted PFT value. Potentially, one lung, on the convex side of the spinal curve, may over-compensate for the restriction of the other lung, causing large PFT scores. After surgery, however, the volumes of the lungs may balance such that one lung's abilities improve while the other lung's abilities normalize and the PFTs show a more normal score, near 100% predicted value. Another possibility, especially for surgeries performed in children and adolescents, is that the corrective surgery may lead to the "short straight spine" problem as described by Campbell et al. 11 As the body grows, the fused spine and thorax is unable to support development of the lungs leading to adverse pulmonary function. 2, 11 In the group with the lowest PFT values, the amount of restriction may have been so great pre-operatively that surgical repair outweighed any spinal fusion issues.
The use of pulmonary function as an indication for surgery and a possible predictor of functional outcomes have been suggested by others. Motoyama et al. 13 reported patients with pre-operative FVC of greater than 50% predicted, initially showed post-operative improvements but they returned to baseline nearly 3 years post-operatively. This study also demonstrated the benefits of surgical repair in preventing further deterioration of patients' pulmonary function. Yuan et al. 20 showed that FVC and FEV1 results in the immediate post-operative period, relative to preoperative results, can decrease significantly. Similar results had also been seen by Graham et al. 21 at 3-months and 1-year follow-up, though a return to baseline was seen by 2 years post-operatively. Decreases in pulmonary function of a 20-40% can be expected in the acute post-operative stage due to surgery's effects on the intercostal muscles. 12 However, these impacts may be limited with less invasive techniques. 22 Our results suggest that pulmonary function can be maintained at 2-year follow-up, as suggested by Bowen, 14 and that it is related to the correction and increase in the thoracic volume.
Classically, AIS indications for surgery have been based on Cobb angle measures; though Redding and Mayer showed these do not correlate strongly with PFTs. 15 In contrast, Johnston et al. 9 found that larger spinal curves (T5-T12) were correlated significantly with poor pre-operative PFTs. Nepple and Lenke 23 described a case of improved pulmonary function through FVC and FEV1 after correction of scoliosis curvature. Widmann et al. 6 reported significant inverse correlations with FVC and FEV1 but not with TLC and scoliosis curvatures in patients with osteogenesis imperfecta; however, these values were only reported in the pre-operative period. Kim et al., 24 however, noted no correlation between Cobb angle correction and significant clinical improvement in PFTs of 31 patients. There appears to be conflict on the use of Cobb angle assessments for predicting pulmonary function 15 and thus measurement of the space available to the lungs (thoracic volume) may enhance the prediction of lung function outcomes and surgical indications for those with AIS, 9 especially in those with moderate to severe restrictive pulmonary function pre-operatively.
As with most retrospective patient analyses, a number of limitations exist which contextualize the results. The pulmonary function tests were standardized, but given at different institutions by different individuals. Since patient effort may affect the outcomes and is unknown, the PFT values represent the best effort at a standardized measure of pulmonary function. This is similar to the findings of Gagnon et al. 25 The surgical treatments, while consistent and similar were not performed by the same surgeon in all cases and may affect the post-operative results as described by Newton et al. 26 Even though our statistical comparisons only involved paired analyses, the lack of height-based normalization of all subjects may affect the generalizability of the raw results. Finally, validation of our thoracic volume modeling method is not perfect; however, it is similar to that reported by Koehler and Wischgoll in 2010. 27 
CONCLUSION
The pulmonary function of a cohort of AIS patients was evaluated pre-operatively and 2 years postoperatively. Our data show that pre-to post-operative change in thoracic volumes and total lung capacity are strongly correlated when pre-operative lung capacities are low but not correlated when pre-operative total lung capacities are within normal range.
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